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Summary
A group of hybridomas that express antibodies with related specificities for the influenza virus
hemagglutinin (HA), that represent B cells that were the clonal progeny of a single pre-B cell,
and that utilized distinct L chain gene rearrangements have been characterized. The clonal relationship
was established by the sharing of H chain gene rearrangements at both the productive and the
nonproductive alleles. Among these hybridomas, one group had rearranged only one of its tc
alleles, having joined a VK24 gene to the Jtc2 gene segment. The other group utilized the same
Vtc24 gene segment in productive rearrangement to theJx5 gene segment, and shared an aberrant
rearrangement at the nonproductive K allele. Accordingly, the expression of distinct Ig gene
rearrangements among members of the same B cell clone can normally occur, and can contribute
to the generation and diversification of the immune repertoire that is available for the recognition
of foreign antigens. Mechanisms by which the distinct rearrangements expressed by the hybridomas
might have been generated are discussed.
T
he generation of functional Ig H and L chain V regions
through the assembly of distinct VH-DJH and VLJL
gene segments occurs as an ordered process during B cell
differentiation (reviewed in reference 1) . The generally held
scheme for assembly involves D toJH rearrangements occur-
ring first on both chromosomes, following which a VH re-
gion is joined to one of these alleles. If this rearrangement
generates a functional gene, H chain rearrangement ceases;
if not, rearrangement takes place at the other allele. Once
a productive rearrangement has been generated, cytoplasmic
1.c heavy chain is synthesized and the cell proceeds to L chain
rearrangement. If rearrangement of the a locus fails to pro-
duce a L chain polypeptide, then the pre-B cell undergoes
rearrangements at the X locus. Rearrangements cease once
a complete Ig heterodimer has been assembled, and it is most
likely the expression of functional gene products that signals
the end to rearrangement of each locus (2-4). A major con-
sequence of how these events are ordered and regulated is
that B cellsnormally express only one of theirH and L chain
alleles as a cell surface receptor for recognition of antigen,
a process known as allelic exclusion (5, 6). Moreover, because
of these mechanisms, it has been a common inference that
individual members of a B cell clone utilize the same set of
rearranged H and L chain alleles, and that structural differ-
ences among the clonal progeny of a single pre-B cell occur
through somatic mutation.
In recent years, however, it has become apparent that in
the case of certain B cell tumor lines, the individual members
of a B cell clone can express distinct DNA rearrangements
at both their H and L chain loci. For H chains, recombina-
tion between a rearranged VH gene and a germline VH gene
segment, resulting in the replacement of the initial coding
sequences by those of the germline gene segment, has been
characterized in lymphomas and in Abelson murine leukemia
virus (AMLV)t-transformed pre-B cell lines (7, 8). Several
mechanisms have been identified by which clonal progeny
that express different L chain alleles can be generated. AMLV
transformed pre-Bcell lineshave been identified that express
productive H chain rearrangements but have unrearranged
L chain alleles, and which following cell division can give
rise to individual progeny cells that express different rear-
rangements of the t: locus (9, 10) . Lymphoma and plasmacy-
toma cell lines have also been described in which productive
Vtc/Jtc rearrangements have been replacedby further rearrange-
ment ofa germline Vtc gene to one ofthe unrearranged down-
stream Jtc gene elements on the expressed allele (11-14). Fi-
nally, the activation of excluded X alleles has been observed
among the progeny of lymphomas that previously expressed
either K of different X alleles (15, 16). These studies demon-
strate that an individual pre-B cell precursor has the capacity
to give rise to clonal progeny that utilize distinct germline
elements, and thus considerably increase the degree ofstruc-
tural diversity that can be expressed by members of a B cell
'Abbreviations used in this paper: AMLV Abelson murine leukemia
virus; HA, hemagglutinin.
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among rare variants of tumor cells, and the extent to which
such processes might contribute to the generation ofthe im-
mune repertoire that is utilized for the recognition of for-
eign antigens has been unknown .
In this report, a group of antigen-specific B cells that de-
rived from a common pre-B cell precursor and that utilized
distinct L chain rearrangements is described. Previous sequence
analysis of the H and L chain V regions of a panel of hy-
bridoma antibodies that recognize overlapping epitopes on
the influenza virus hemagglutinin (HA) identified a group
of hybridomas from an individual donor mouse that displayed
sequence identity across theirVH-DJHjunctions (17) . Since
these junctional sequences have the potential for enormous
variability and are generated duringH chain rearrangement
(18), this identity suggested that the hybridomas represent
the clonal progeny of a single pre-B cell precursor. It was
therefore surprising that although the hybridomas all displayed
extremely similar Vtc gene sequences, the Vic gene segments
were expressed in conjunction with either the Jtc2 or the Jtc5
gene segment . To further analyze the relationship between
these hybridomas, various o£ the hybridoma H and L chain
gene rearrangements have now been characterized in detail .
The results of these studies confirm that the hybridomas rep-
resent the progeny of a common pre-B cell by establishing
that they share identical DNA rearrangements at both their
productive and nonproductive H chain alleles. Analysis of
the L chainDNA rearrangements, and sequence analysis of
the germline gene elements from which the L chains had
been generated indicates that these B cells utilized produc-
tive rearrangements of the same Vrc gene segment to either
the Jtc2 or Jtc5 gene segment . Accordingly, the expression
of distinct L chain gene rearrangements among members of
a single B cell clone has in this case contributed to the gener-
ation of the repertoire that was available for the recognition
of a foreign antigen. Based on the characterization of the rear-
rangements present in these hybridomas, models that could
account for how these distinct clonal progeny were gener-
ated are discussed .
Materials and Methods
Hybridomas.
￿
The hybridomas were generated as previously de-
scribed by fusion of SP2/0-Ag14 myeloma cells with splenocytes
from an adult BALB/c mouse that had been primed 24 d and boosted
3 d before fusion by the intraperitoneal and intravenous routes,
respectively, with intact influenza virusPR8 [A/PR/8/34 (HlN1)] .
The specificity of these hybridomas for the PR8 HA, and the nu-
cleotide sequences of their H and L chain V regions have been de-
scribed (17) .
DNA Hybridization. The following probes were used in
Southern hybridization analysis (19) and for the identification of
recombinant clones . pJ11 (20), which contains a 1.8-kb BamHI/
EcoRI fragment that includes theJH3 andJH4 gene segments and
surrounding sequences, was obtained from Dr. K. B. Marcu, Depart-
ment ofBiochemistry, State University ofNew York at StonyBrook,
NY IVS, which is a 1-kb HindIII/XbaI fragment excised from
the plasmidpECk (21), which contains sequences derived from the
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intron between the JK and Cu loci, was obtained from Dr. M .
Weigert, Fox Chase Cancer Center, Philadelphia, PA . pti3/BgH2.5
(22), which contains a BglII/HindIII fragment corresponding to
the Sy3 region, was obtained from Dr. W. Dunnik, University
of Michigan Medical School, Ann Arbor, MI . The 0.3-kb EcoRI/
BamHI probe was generated by subdoning the H37-311 nonproduc-
tive H chain rearrangement from a bacteriophage X recombinant
(see Results, and below) . The 0.2-kb Pstl/HindIII probe was ex-
cised from the pJ11 plasmid and purified by electrophoresis in a
3% NusieveGTG agarose gel (FMC Bioproducts, Rockland,ME).
Hybridization probes were labeled with 32P by random priming,
hybridized for 16 h at 68°C in 5 x SSPE (1 x SSPE = 0.18M NaCl,
20mM sodium phosphate, 1 mMEDTA, pH 7), 0 .1 mg/ml dena-
tured DNA, and either 1% SDS (for nylon membranes used in
Southern analysis) or 0.5% SDS, 5x Denhardt's solution (for
nitrocellulose membranes used in screening bacteriophage libraries) .
After hybridization, filters were extensively washed in 2x SSPE,
0.2%SDS at room temperature. Filters fromlibrary screening were
given a final wash in 1x SSPE, 0.2% SDS at 65°C for 1 h, and
filters from Southern analysis were given a final wash of 30 mM
NaCl, 3 mM sodium citrate, 0.2% SDS at 65°C for 30 min .
Analysis of Hybridoma H and L Chain DNA Rearrange-
ments . High molecular weight DNA was extracted from hy-
bridoma cells or from BALB/c liver using standard methods (23) .
For Southern analysis, 10 hg ofDNA was digested with the ap-
propriate restriction enzyme, electrophoresed in 0.8% agarose gels,
and transferred to Hybond N* membranes (Amersham Corp .,
Arlington Heights, IL) in 0.4 M NaOH . For construction of
genomic libraries, 500,ug each of H37-311 and H37-45DNA was
partially digested with Sau3A and size fractionated by sucrose gra-
dient centrifugation as described (23) . Individual fractions were
ligated into theBamHI site of the bacteriophageA vector EMBL3
(generously provided by Dr. L . Showe, theWistar Institute, Philadel-
phia,, PA) and packaged into virus particles using the Packagene
ADNA packaging system (Promega-Biotech, Madison, WI) . For
the molecular cloning of the productive L chain rearrangements
from H37-84 and H37-311, 50 Rg of eachDNA was digested with
BamHI and HindIII and purified by phenol extraction and ethanol
precipitation . The DNA was methylated with EcoRI methylase
(New England Biolabs, -Beverly, MA), again purified, and then
ligated to 1 ug each of the oligonucleotides 5'OH-dGATCC-
GAATTCGA3'OH and 5'OH-dAGCTTCGAATTCG-3'OH (syn-
thesized at The Wistar Institute DNA synthesis facility) . These
self-complementary oligonucleotides can hybridize to form a short
dsDNA fragment that contains an internal EcoRI site, and that
hasBamHI and HindIII cohesive ends. Accordingly, this oligonu-
cleotide mixture was ligated to the BamHI and HindIII ends of
the digested hybridoma DNA, and then in turn incubated with
EcoRl to generate restriction fragments with EcoRl cohesive ends .
The DNA was then electrophoresed on a 0.8% agarose gel, and
DNA fractions whose size corresponded to the productiveL chain
rearrangements were purified by electroelution . Size fractionated
DNA was then ligated to 5'-dephosphorylated bacteriophage X
GT11 arms (Promega-Biotech) and packaged into virus particles
using the PackageneXDNA packaging system . In all cases, bacte-
riophage plaques were plated, screened using 32P-labeled hybrid-
ization probes, andDNA was purified from positive phage by stan-
dard methods (23). PhageDNA was initially analyzed by Southern
hybridization analysis, and restriction fragments containing the rele-
vant DNA rearrangements were subcloned either into M13mp18
or intopGEM4 (Promega-Biotech) for sequence analysis using Se-
quenase (U.S . Biochemical Corp., Cleveland, OH) as directed by
the manufacturer.Enzymatic Amplification ofVK24 Gene Sequences.
￿
The following
oligonucleotide primers were synthe sized at the Wistar Institute
DNA synthesis facility and used for enzymatic amplification ofthe
VK24 5' regions in the polymerase chain reaction (24); VK24 5,
5'-dGGTGATTTCTAGAGAGTTTCT3'; VK24 3, 5'-dG000A-
ATTCATCATCACAATATCCCCAATG-3; JK2, 5'-dTTATTTC-
CAGCTTGGTCCCCCCTC-3; JK5, 5'-dTCAGCTCCAGCTT
GGTCCCAGCAC-3. The VK24 3' primer has a few mismatches
relative to the VK24 gene sequence introduced into its 5' end, to
generate an EcoRI restriction site. The VK24 5' primer was used
in conjunction either with the VK24 3' primer (for BALB/c liver
DNA) or with the appropriate JK-specific primer for hybridoma
DNA as follows: 100 ng ofeach primer was mixed with 5,ug DNA
in a 100,ul reaction volume containing 10 mM Tris-HCI, pH 8.4,
50 mM KCI, 2.5 MM MgC12, and 0.2 mM each dATP, dCTP,
dGTP, and dTTP The mixtures were boiled for 10 min, snap chilled
on ice, and one unit ofTaq polymerase (US. Biochemical) was added.
The mixtures were overlaid with paraffin oil and subjected to 35
cycles of incubation at 50°C for 1 min, 72°C for 5 min, and 93°C
for 30 s, followed by a final incubation at 50°C for 1 min and then
72°C for 10 min. The reaction products were concentrated and
applied to a 3% Nusieve GTG agarose gel (FMC Bioproducts, Rock-
land, ME) and fractionated by electrophoresis. Full-length ampli-
fication products were identified by staining with ethidium bro-
mide and purified using Geneclean (Bio101, La Jolla, CA). One
quarter of the amplification products were subjected to direct se-
quence analysis with Sequenase, using one of the amplification
primers as a sequencing primer. For molecular cloning of reaction
products before sequence analysis, samples were digested with EcoRI
and XbaI and inserted into EcoRI/XbaI-digested M13mp18.
Results
A Group ofHA-specie Hybridomas Represent Progeny ofa
Single Pre-B Cell. A group of hybridoma antibodies that
recognize structurally overlapping epitopes on the influenza
virus HA have previously been analyzed for the sequence of
their Ig H and L chain V regions (17). 10 of the hybridomas
were found to express VH genes derived from the VH7183
gene family in conjunction with very similar VK genes de-
rived from the VK24 gene group. Five of these hybridomas,
which were generated from an individual donor mouse, dis-
played sequence identity across theirVH/D/JH junctions (Fig.
1). Comparison with the sequences of known D gene ele-
ments suggested that thisfunctional sequence was generated
by N nucleotide addition to each side of a 10 nucleotide core
sequence derived from the DFL16.2 gene segment (18, 25).
This sharing of H chain functional sequences, which have
an enormous capacity for variability, strongly suggests that
these hybridomas were generated by fusion of B cells that
were the clonal progeny of a single pre-B cell (26) .
In view of this likely clonal relationship established by se-
quence analysis, it was surprising that Southern blot analysis
of the hybridomas using a JH-specific probe (pJ11) to assess
the rearrangement status of both the productive (H+) and
nonproductive (H- ) H chain alleles revealed differences be-
tween the individual hybridomas (Fig. 2 A). The hybridomas
all share a 2.4-kb EcoRI rearrangement. However, H37-80
and H37-311 share an additional 2.2-kb rearrangement,
whereas H37-45 and H37-84 share an additional 9.2-kb rear-
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rangement. To further define the nature of these rearrange-
ments, a genomic DNA library was constructed from H37-
311 DNA, and a recombinant was isolated that contained
the 2.2-kb EcoRI rearrangement. From this recombinant,
a 0.3-kb BamHI/EcoRI fragment was isolated and sequenced,
and found to contain a 33 nucleotide, non-germline-encoded
sequencejoined to the JH2 gene segment (Fig. 3) . This 33
nucleotide sequence is identical to a recently identified D re-
gion sequence that lacks appropriate 5' recognition signals
for recombination and is therefore a pseudogene (designated
ODi; reference 27) . Thus, the 2.2-kb rearrangement
represents the H - allele in H37-311 (and in H37-43 and
H37-80), and the 2.4-kb rearrangement that is shared by all
the hybridomas corresponds to the common H+ allele iden-
tified by sequence analysis. When the 0.3-kb BamHI/EcoRl
fragment was used to probeEcoRI-digested hybridoma DNA,
it was found also to hybridize to the 9.2-kb rearrangement
present in hybridomas H37-45 and H37-84 (Fig. 2 B). Par-
tial restriction maps for the shared H+ and different H-
rearrangements were established using pJ11, the 0.3-kb
BarnHI/EcoRI fragment, and a 0.2-kb PstI/HindIII frag-
ment derived from the intergenic sequence betweenJH3 and
JH4 as probes in Southern analysis of hybridoma DNA that
had been digested with a variety ofrestriction enzymes (Fig.
2). It is apparent that the hybridomas share the same ~Di/
J2 aberrant rearrangement at their H- alleles, and that a fur-
ther rearrangement of the H - allele occurred in a region
ti0.5-1 kb 3' of the JH locus in hybridomas H37-45 and
H37-84, in the vicinity of the IgH enhancer (28).
Previous analyses have demonstrated that class switch-related
DNA rearrangements can occur in this region between the
JH and CH loci (22, 29). In order to establish whether class
switching could have caused the DNA rearrangement ob-
served here, DNA from hybridomas H37-45 and H37-84 was
analyzed in Southern blots using a probe derived from the
Cy3 switch region (termed Sy3; Fig. 4). The H+ alleles of
H37-45 and H37-84 utilize the Cy3 and Cy2a isotype, respec-
tively (17). Analysis with the Sy3 probe following digestion
with BarnHI or BgIII identified unique rearrangements in
H37-45, corresponding to the H+ allele. It also identified
rearrangements shared by both hybridomas indicating that
these hybridomas underwent a common Sy3-specific DNA
rearrangement. It should be noted that the pJ11 and Sy3 probes
have not been directly linked through hybridization to the
same restriction fragment. The failure of these probes to hy-
bridize to a common restriction fragment has previously been
observed among hybridomas that express the y3 isotype (22)
Nevertheless, the sharing of rearrangements 3' ofJH and in
the vicinity of Sy3 is consistent with the further rearrange-
ment that is observed on the H - alleles of H37-45 and H37-
84 having occurred as a result of class-switching.
Distinct L Chain Rearrangements Among Clonal Progeny of
a Single Pre-B Cell. Previous sequence analysis of L chain
mRNA demonstrated that this group of hybridomas all ex-
press extremely similar VK genes derived from the VK24 gene
group (17; Fig. 1). However, hybridomas H37-43, H37-80,
and H37-311 were found to express their VK gene in con-
junction with the JK2 gene segment, whereas H37-45 andWERUY CHAIN U REGIM
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￿
Hybridoma H and L chain V region nucleotide sequences. The nucleotide sequences are shown relative to consensus sequences gen-
erated by their alignment and are numbered relative to the sequence encoding the mature polypeptide. The amino acid sequences deduced from
the consensus sequences are also shown . Dashes indicate identity with the consensus sequence . Upper case letters indicate mutations that change
the deduced amino acid, lower case letters indicate silent mutations. Nucleotide differences that are shared by individual hybridomas are circled
(except for those shared by the nearly identical hybridomas H37-43 and H37-80) . The H chain probable D and N region sequences are shown
in full, and the portion that is identical to part of the DFL16 .1 germline sequence is underlined ; H37-311 shows an individual difference from
the other hybridomas in this region, which is the result of somatic mutation . The L chain differences that are shared by H37-45 and H37-84
reflect normal differences between the JK2 and JK5 gene segments . The regions encoding complementarity determining regions and L chain J
regions, and the JK gene segments that are utilized are indicated .
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Southern blot hybridization analysis of hybridoma H chain gene rearrangements . BALB/c liver, SP2/0 fusion partner and hybridoma
DNA were digested with various restriction enzymes and hybridized with the pJ11, the 0.3-kb EcoRl/BamHI probe, or the 0.2-kb Pstl/Hin-
dIII probe as follows : (A) DNA digested with EcoRI, and hybridized with pjll; (B) DNA digested with EcoRl, and hybridized with the 0.3-
kb BamHI/EcoRI probe; (D) DNA digested with BamHI, and hybridized with the 0.3-kb BamHI/EcoRI probe ; (E) DNA digested with
EcoRI and XbaI, and hybridized with the 0.3-kb BamHI/EcoRl probe; (F) DNA digested with Pstl, and hybridized with the 0.2-kb Pstl/
HindIII probe . The sizes in kilobases of molecular weight markers are indicated . (C) The previously published restriction map of the unrear-
ranged JH locus (H°) (20), and deduced maps for the shared productive rearrangement (H+), the aberrant rearrangement found in H37-43,
H37-80 and H37-311 (H- ), and the aberrant rearrangement found in H37-45 and H37-84 (H-) . The location of sites for the restriction en-
zymes BamHI (B), EcoRI (E), HindIII (M, Pstl (P) and XbaI (X) are indicated, Broad lines represent rearranged, non-germline sequences, and
bars underneath each map indicate sequences that are detected by each probe. The locations of JH gene segments are indicated. Dashed lines in-
dicate regions where boundaries have not been clearly defined.
H37-84 utilize the Ja5 gene segment (Fig . 1) . The expres-
sion of distinct Jrc gene segments was unexpected in view
of the clonal relationship between the hybridomas described
above . The hybridoma L chain rearrangements were there-
fore analyzed in greater detail by Southern blotting, using
a probe (termed IVS) derived from the intron between JK
and Crc to detect rearrangements at the Jrc locus (Fig. 5) . Se-
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quence analysis ofL chain mRNA had identified a BamHI
restriction site in the 5' leader sequence of the Vrc24 genes
utilized by each hybridoma (data not shown ; see Fig. 6). Diges-
tion with both BamHI and HindIII gave rise to rearrange-
ments consistent with the rearrangement of this identified
BamHI site to either JK2 or JK5 (Fig. 5 A) . The presence
of comigrating sequences derived from unrearranged K al-a . H37-311 H chain non-productive allele
b .
￿
H37-45 L chain nonproductive allele
G S S P K L W I Y S I S N L
A S G L P A R F S G S G S G T S
Y S L T I S S V K A E D T A T Y
'ACTGCC=ATT
P T W K
CAAGCIGGAAATAAAA . . .3'
Figure 3 .
￿
Nucleotide sequences of the H37-311 H chain (a) and H37-
45 L chain (b) nonproductive alleles . In each case, the sequence from
the restriction site used in molecular cloning (underlined) through the
J gene segment is shown, and the junction between the rearranged
sequence and the J gene segment is indicated . In b, the deduced
amino acid sequence is also shown in the single letter code ; (") indi-
cates a termination codon .
Figure 4.
￿
Southern blot hybridization analysis of hybridoma S'y3
switch region rearrangements . BALB/c liver, SP2/0 fusion partner
and hybridoma DNA were digested with BamHI or Bgl1I and hy-
bridized with the Sy3-specific p'y3/BgH2 .5 probe . The two rear-
rangements of -9.4 kb that are detected in H37-45 following diges-
tion with BamHI can be clearly resolved by longer electrophoresis.
The sizes in kilobases of molecular weight markers are indicated .
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leles or from the SP2/0 fusion partner obscured the Vu24/JK2
rearrangement present in H37-43, H37-80 and H37-311 ; how-
ever, this rearrangement was apparent following digestion
withBamHI alone (Fig. 5 B) . No additional rearrangements
(other than ones corresponding to those of the SP2/0 fusion
partner) were observed in hybridomas H37-43, H37-80, or
H37-311 following digestion with both BamHI and Hin-
dIII, or BamHI alone. Thus, the nonexpressed allele of these
B cells was most likely in an unrearranged (K°) configura-
tion, since no additional rearrangements were identified in
any of the hybridomas . After digestion withBamHI and Hin-
dIII, hybridomas H37-45 and H37-84 display a shared 1.9-
kb rearrangement corresponding to the productive VK24/JK5
rearrangement, and an additional shared rearrangement of
2.5 kb . H37-45 also displays a K° allele, which derives from
the SP2/0 fusion partner (and was not retained in H37-84) .
Tomore fully characterize the shared 2.5-kb BamHI/HindIII
rearrangement, a genomic DNA library was constructed from
H37-45DNA . A recombinant containing this rearrangement
was isolated and a 1.5-kb BamHI/XbaI subclone was sub-
jected to sequence analysis . This subclone was found to con-
tain a VK4 gene family member (30) joined out of frame to
theJK2 gene segment (Fig. 3) . Accordingly, the 2.5-kb rear-
rangement observed in H37-45 and H37-84 corresponds to
a shared aberrant rearrangement at the K- allele.
TheL Chain Productive Rearrangements Utilize the Same Vir24
Gene Segment. Sequence analysis ofL chainmRNA revealed
extreme similarity between the VK24 genes utilized by this
group of hybridomas, indicating their derivation from the
same, or from very closely related germline gene segments.
In an attempt to distinguish between these possibilities, the
hybridoma L chains were analyzed for the sequence of the
intron that is found within VK leader exon sequences . Previous
analysis of members of the VK24 gene group demonstrated
that individual family members display much greater sequence
variability within theseregions than is found within the coding
sequences (31) . Accordingly, iftheVK24 gene segments uti-
lized here had derived from more than one gene segment,
an analysis of these intron sequences might distinguish be-
tween these genes. DNA from H37-84 and H37-311 was
digested with BamHI and HindIII and size fractionated by
agarose gel electrophoresis. Fractions corresponding in size
to the K+ rearrangements were molecularly cloned, and
recombinants containing these rearrangements were isolated
and subjected to sequence analysis (Fig . 6) . Based on these
sequences, oligonucleotide primers were designed and used
in the polymerase chain reaction (PCR; reference 24) to am-
plify the intron sequences from all the hybridomas, and also
fromBALB/c liverDNA . For amplification ofthe hybridoma
K+ rearrangements, theVK24 5' primer was used in conjunc-
tion with either a JK2- or JK5-specific oligonucleotide. The
Va24 5' and VK24 3' primers were used to amplify the un-
rearranged sequence from BALB/c liver DNA . PCR reac-
tion products were subjected to direct sequence analysis, and
the sequences obtained for H37-84 and H37-311 were found
to correspond exactly to those obtained by molecular cloning.
The analysis of the BALB/c liverDNA amplification prod-
ucts yielded a single sequence when analyzed as a popula-tion, and the individual hybridomas were found to display
either the same sequence, or individual differences from that
sequence . In addition, the BALB/c reaction products were
molecularly cloned and eight individual clones (four each from
H37-84
H37-311
Vk24A
140
H37-84 TGATTTCTAGAGAGTTTC TGCTCTCTCTACTTA.GTATTTTATGTTGAACATTTTTAGAATA .TGA
H37-311 -_-----_----_---___----__--_---C_-_-_,-___---_--__---T--_-______-_ .-_-
H37-45
￿
----------------------------------------
H37-80
￿
----------------------------------------
Vk24C
Vk24A ---_-_-_--__-_--_C_--__-_--_-__-_-___A-_-_---__--_--_-________--__A_,-
H37-84
H37-311
H37-45
H37-80
Vk24C
Vk24A
H37-84
H37-311
H37-45
H37-80
VK24C
Vk24A
-6 I S
GGATCCCTGGTGAGGAGAAAAACAAAGATCAAGGAGAATGTGGGTGACTCTGGGGAAAGCAGAAGGTCTA
7o
__-_-_-_----_--_-_--_---_---_-----___-__--_--_-T-___-___-_-_---_-____-
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two independent amplification reactions) were analyzed for
their sequence. Four ofthese clones had an identical sequence
to that of the population, and the remainder had individual
nucleotide differences from the population (data not shown) .
------- ---------------------------- ---
280
ATGAAAGTCATGACCTCAGTGACTAGGAAGTTGCTAAAGTAACACAGTGTCATCATGTTTGTGGATAACT
--__-----------___--------__-_-_-____--A_--___-_---___-_-__-_--_--_-__
----------------------------------------------------------------------
--___---_-_-_-___-_-_--_--_-----__-_-_--_--___A_---_--_-__--_-__--_-__
_- _- _- -- - _-------_-
-p,_-_---_---:___-__-_T---_--_-_--A-_--A_--_-_--_A------_----_---_--_--
"4G A I G 'D I V M T
￿
A
TTTCCTTTCTTCTATTTCAC}GA
￿
ATTGGG GA T TGA GA TC GGC
C-------------------_-_T------- ------------------
_--
-----------------
---------------------
----------------- -
￿
- - -- ---------------------
------------------------------- ---------------------
------------------------ ----------------------------
A---------------------C__-_ ____-___-__-___-___--
Figure 5.
￿
Southern blot hybrid-
ization analysis of hybridoma L
chain V region rearrangements .
BALB/c liver, SP2/0 fusion partner
and hybridoma DNA were digested
with BamHI alone (A) or with
both BamHI and HindiII (B), and
hybridized with the Jx intron-
specific probe IVS. The sizes in
kilobases of molecular weight
markers, and the sizes predicted for
the Vx24/J2 and Vrc24/J5 rear-
rangements are indicated .
Figure 6 .
￿
Nucleotide se-
quences of the hybridoma and
BALB/c liver Vx24C 5' introns.
The intron sequence obtained by
molecular cloning of the H37-84
Va24C/J5 productive rearrange-
ment is shown and numbered
relative to the BamHI site used
in cloning the V region exon se-
quences. The sequences of H37-
311 obtained by molecular
cloning, and H37-45, H37-80
and BALB/c liver (designated
Vx24C) obtained by PCR are
shown relative to this sequence;
dashes indicate identity with the
H37-84 sequence. Also shown is
the corresponding sequence from
the Vk24A germline gene that
has previously been described
(31) . Gaps (indicated by periods)
have been introduced into the
sequences to maximize their
alignment . The amino acid se-
quence encoded by mRNA is
shown in the single letter code
and is numbered relative to the
sequence of the mature polypep-
tide. The location of RNA
splice sites are indicated by
arrows, and the sequences to
which the PCR primers hy-
bridize are boxed.None of these differences, however, corresponded to any of
the differences observed in the hybridomas, and were most
likely the result of mutations introduced during amplification
(24). No systematic differences were observed between the
Vic genesthat had been rearranged to JK2 and those that had
been rearranged to JKS. This strongly suggests that the hy-
bridomas all express the same Vic gene segment, and that
their individual differences are the result of somatic muta-
tion. In relation to the previously described Vrc24 germ-line
gene sequenced, this intron sequence displays 10 nucleotide
substitutions, two nucleotide insertions and four nucleotide
deletions relative to the Vic24A germline gene, and very many
differences relative to the other described members (desig-
nated Va24, Vu24B and ~Vu24; reference 31). The VK 5'
intron sequence described here is thus designated as deriving
from the VK24C gene segment.
Discussion
Detailed molecular characterization of a group ofhybridomas
that express antibodies with related specificities for the
influenza virus HA has revealed that a single pre-B cell can
give rise to antigen-specific B cells that utilize distinct L chain
gene rearrangements. The clonal relationship of these B cells
was established by the sharing of H chain gene rearrange-
ments at both the productive and the nonproductive alleles
(26). The hybridomas could, however, be subdivided into two
groups based on their L chain rearrangements. One group
had rearranged only one ofits K alleles, havingjoined a VK24
gene to the JK2 gene segment. The other group utilized an
indistinguishable Vu24 gene segment in productive rearrange-
ment to the JK5 gene segment, and shared a nonproductive
rearrangement ofa VK4 gene segment in an out-of-framejoin
to the Jic2 gene segment. This latter group also displayed
an additional rearrangement near the nonproductive H chain
allele, in the vicinity of the IgH enhancer, that may have been
the result of class switching. The rearrangement status of
each of the hybridoma H and L chain alleles is summarized
in Fig. 7. The figure shows a common pre-B cell that con-
tains the shared H chain rearrangements, and indicates three
theoretical and simplifiedpathways by which B cells containing
the different rearrangements observed in these hybridomas
might have been generated. Analysis of these hybridomas has
not yielded direct evidence to confirm or exclude any of these
pathways. It nevertheless is informative to relate these findings
to the processes of Ig rearrangement and B cell differentia-
tion; basedon current understanding of these processes, the
results as discussed below seem most strongly to favor either
pathway B or C.
Pathways A and C share in common the postulate that
secondary rearrangements of one or more k chain alleles took
place during the proliferation of a B cell clone. Pathway A
proposes that the B cells represented by H37-45 and H37-84
were generated by replacement ofthe alleles identified in H37-
43, H37-80, and H37-311. In pathway C, an intermediate
clonotype expressing undefined Vrc/JK rearrangements is
postulated to have undergone clonal expansion before sec-
ondary rearrangement of its k chain alleles. It has previously
PathwayA
￿
Pathway-p
H37-43 H37-45 H37-43 H37-45
H37-80 H37-84 H37-80 H37-84
H37-311
￿
H37-311
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PathwayC
H37-43 H37-45 ?
H37-80 H37-84
H37-311
Figure 7.
￿
Schematic representation of hypothetical pathways for the
generation of the hybridoma V region rearrangements. The rearrange-
ments status of the H and L chain alleles of a common pre-B cell,
and of postulated progenitors of these hybridomas are represented as
in Fig. 2 and in the text. pathways A, B, and C are discussed in de-
tail in the text.
been established by analysis ofB cell tumor models that rear-
ranged k chain alleles can be replaced by secondary rearrange-
ments of upstream VK gene segments to downstream, un-
rearranged JK gene segments (11-14). Since the k -
rearrangement in H37-45 and H37-84 involves a Vu4 gene
segment joined to the JK2 gene segment, pathway A would
require that this aberrant rearrangement was generated from
the unrearranged (k°) allele of the original clone (the other
JK2 gene segment would already have been joined to the
Va24C gene segment). Accordingly, the generation of the
Vrc24C/JK5 allele would necessarily require the replacement
of the existing Vu24C/Ja2 allele with this new rearrange-
ment. However, sequence analysis ofintron sequences located
within the leader exon of the VK genes described here, as
well of the corresponding genomic sequence, strongly sug-
gests that the same gene segment was used in all these hy-
bridomas. Pathway A, then, imposes the unfavorable require-
ment that two (or more) indistinguishable Vrc24C genes are
present in the BALB/c genome, and that one of these was
used in the secondary rearrangement ofJK5. An alternate pos-
sibility that would allow the same VK gene to be used is that
the putative secondary rearrangement occurred by inter-chromosomal recombination, although such recombinations
are not thought to take place during Ig gene assembly (32,
33). If secondary rearrangements of k chains indeed led to
the generation ofthe B cellsrepresented by H37-45 and H37-
84, it is more likely that this occurred by pathway C. Since
this model allows for the generation of an intermediate clono-
type that utilized unrelated V genes, it accommodates the
conclusion that these hybridomas all express the same gene
segment. Attempts to identify JK-specific DNA sequences
that might have been retained by H37-45 and H37-84 as rem-
nants of an earlier joining event were unsuccessful. How-
ever, since many VK genes (including members of the VK24
gene family) recombine by a deletional mechanism that does
not give rise to such remnant sequences (13), their absence
is uninformative. It is also significant that pathway C could
allow for many different L chains to be generated by secondary
rearrangements in individual members of the expanded clone,
since this would permit antigen selection to have expanded
those that used the VK24C gene segment and could recog-
nize the HA.
Pathway B proposes that a pre-B cell rearranged its H chain
alleles, and then underwent cell division before L chain rear-
rangement. Among the clonal progeny, B cells that possess
the k chain rearrangements identified here were generated.
In view of the large number of different VK gene segments
that are available for these independent rearrangements, how-
ever, the utilization ofthe same VK24C gene segment by both
sets of cells would be unexpected. This model might then
require one ofthe following additional features. The first pos-
sibility is that the VK24C gene is rearranged much more fre-
quently than is the case for Vu genes in general. This possi-
bility is not supported by recent surveys of the frequency of
VK gene rearrangements (34, 35). In addition, previous idio-
typic analysis demonstrated that the L chain expressed by each
of these hybridomas was expressed on 7 (1.5%) of 467 hy-
bridomas generated by fusion ofLPS-stimulated BALB/c fetal
liver cells (17). This frequency estimate would suggest that
there is a low probability (0.015) that two cells generated
following a single division would both use this L chain. A
second possibility is that the pre-B cell that gave rise to these
B cells underwent clonal proliferation before L chain rear-
rangement, and generated a pool of B cells bearing different
L chains. As in pathway C, antigen selection couldthen have
expanded those B cells that express the Vrc24C gene segment.
Studies of pre-B cells in regenerating bone marrow in vivo
have suggested that large pre-B cells expressing cytoplasmic
1A chains, but not surface IgM (termed qc+sh -) can undergo
several rounds of division before differentiation into small
c,,+siu" pre-B cells (36, 37). These cells then undergo L
chain rearrangement and acquire the su+ phenotype. It was
estimated that the large cA.+sA - pre-B cells might undergo
four to eight divisions prior to differentiation (37). Thus,
if clonal expansion gave rise to 256 pre-B cells (from eight
divisions) of which 100 underwent successful L chain rear-
rangement, then the probability of at least two cells expressing
the VK24C gene based on the above frequency becomes 0.5,
which clearly is within a reasonable range to have been selected
by antigen. This estimate is very approximate; nevertheless,
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it demonstrates that clonal proliferation by a cu+su - large
pre-B cell could account for the rearrangements observed here.
The results may then indicate that proliferation among
c/.t + sNc pre-B cells, and the consequent expression of par-
ticular H chain rearrangements with a variety of different
L chain rearrangements makes a significant contribution to
the diversification of the B cell repertoire.
One feature that might have given support to one or other
of the above models is the pattern of the individual somatic
mutations that accumulated in each hybridoma. Previous anal-
yses of the pattern ofshared and unique mutations that have
accumulated among members of an individual B cell clone
have frequently allowed genealogic trees to be developed that
indicate a progressive, stepwise accumulation of mutations
among the clonal progeny (38-44). In this case, pathway C
for example would have been supported by the presence of
a number of shared mutations in the H chains of H37-45
and H37-84, but an absence of shared mutation in their L
chains, consistent with these cells having undergone clonal
expansion before a secondary L chain rearrangement. How-
ever, the pattern of mutation among this group of hybrid-
omas is extremely unusual. With the exception of hybrid-
omas H37-43 and H37-80 which display nearly identical
sequences, the individual hybridomas for the most part dis-
play unique somatic mutations; thus, despite the presence of
a large number of nucleotide differences between individual
hybridomas (at least 57 nucleotide differences from H and
L chain consensus sequences), there exist only four shared
differences from these consensus sequences, all of which are
found in the H chain (Fig. 1; due to its near identity with
H37-80, H37-43 was not considered in this analysis). Strik-
ingly, these shared mutations all contradict the genealogic
relationships that are clearly established based on the DNA
rearrangements observed at both the L and H chain alleles.
One ofthe mutations is shared between H37-84 and H37-80
(and H37-43), and could readily be the result of a parallel
mutation, selected perhaps for interaction with antigen. The
other three, however, are found within a 32 nt region of
CDR2, and the hybridomas fall into two groups according
to the nucleotide they display at each position; two of these
differences cause amino acid interchanges, but the third sub-
stitution is silent. In view of the different lineages that are
firmly established based on DNA rearrangements, this pat-
tern ofmutation suggests that gene conversion events might
have introduced a common 32 nt sequence into two of these
VH regions (45, 46). The independent introduction of iden-
tical somatic mutations into individual members ofthe same
and different B cell clones has recently been described, and
was suggested to indicate the presence of "mutational hot-
spots" with V regions (44). Whatever the basis for the gener-
ation of these shared mutations, the results described here
further demonstrate that the sharing of mutations need not
necessarily indicate that the cells underwent mutation along
a common pathway. Thus, the pattern of somatic mutations
offers indirect support to pathway B described above, by failing
to identify shared H chain mutations that might have accu-
mulated prior to the secondary L chain rearrangements postu-
lated in pathways A and C. However, in view of the sharedmutations that were actually accumulated, the pattern of mu-
tation does not appear to be a reliable criterion for dis-
criminating between these pathways. If gene conversion events
indeed led to the introduction of some of the mutations that
are observed among these hybridomas, then such events could
have obscured any shared mutations that had accumulated
during early stages of expansion of this B cell clone.
The analysis ofthis group of hybridomas has clearly demon-
strated that an individual pre-B cell, following the produc-
tive rearrangement ofone of its H chain alleles, can give rise
to different B cell lineages that express distinct L chain rear-
rangements. Most significantly, these hybridomas were
identified among an extensive panel of hybridomas that were
generated in response to immunization with influenza virus,
and were isolated solely because they produced HAspecific
antibodies. The individual mouse from which these hybrid-
omas were isolated gave rise to 47 HA-specific hybridomas,
and sequence analysis of this panel has identified members
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